Purpose: The aim of this study was to provide a comprehensive comparison of reliability of corneal topographic measurements in keratoconic eyes using sweptsource optical coherence tomography (OCT) and a combined PlacidoScheimpflug imaging. Methods: A total of 30 eyes of 30 patients were included. The mean age was 31.2 AE 8.4 years. Two consecutive topographic measurements were obtained for one eye of each patient using swept-source OCT (CASIA) and combined Placido-Scheimpflug imaging (TMS-5). Test-retest reliability of CASIA and TMS-5 measurements including central corneal thickness (CCT) and thinnest corneal thickness (TCT), keratometry at steep (Ks) and flat (Kf) axes, average keratometry (Avg K), cylinder, and, bestfit spheres (BFS) of the anterior and posterior corneal surfaces were evaluated. Results: There was no systematic or scaling bias in any parameter in both devices. Systematic differences between CASIA and TMS-5 were found in posterior corneal Kf, Avg K and BFS, CCT and TCT (p ≤ 0.002); scaling differences between CASIA and TMS-5 were also found in CCT and TCT (p ≤ 0.002). Both machines illustrated adequate reliability. Intraclass correlation coefficients (ICC) ≥0.952 was recorded for all parameters measured with CASIA and ICC ≥ 0.914 was recorded for all parameters on TMS-5. CASIA showed significantly higher ICCs in CCT and TCT, and posterior corneal BFS (p < 0.001).
Introduction
Keratoconus is a corneal ectasia characterized by progressive corneal thinning and protrusion (Rabinowitz 1998 ). The precise measurement of corneal topography is essential for early diagnosis and monitoring of disease. This is especially important in determining disease progression, at which time corneal crosslinking is indicated (Jhanji et al. 2011 ). Several sophisticated instruments have been developed for evaluation of the cornea including scanning-slit elevation topography, Scheimpflug imaging and optical coherence tomography (OCT) (RioCristobal & Martin 2014) . Scanningslit elevation topography utilizes a combination of a projective technique and a reflection technique based on Placido disc principle, which is regarded as a sensitive tool to detect ectatic cornea (Cairns & McGhee 2005) . Scheimpflug imaging on the other hand, is based on a principle that allows documentation of an object not parallel to the lens and image planes of a camera to maximize depth of focus with minimal image distortion (Wegener & Laser-Junga 2009) . Optical coherence tomography works on the principle of low-coherence interferometry, with time-domain and Fourierdomain methods of data acquisition and processing. The swept-source OCT is a recent advance in OCT technique that utilizes a long wavelength scanning-laser source and a balanced photodetectors for spectrally resolved interferometric detection. It offers improved sensitivity and signalto-noise ratio compared to the previous models of spectral-domain OCT (Maeda 2010) .
Several studies have attempted to evaluate the precision of corneal imaging techniques in eyes with keratoconus (Nakagawa et al. 2011; Savini et al. 2011b; Szalai et al. 2012; Fukuda et al. 2013; Jhanji et al. 2013; Montalban et al. 2013; Sezgin Akcay et al. 2014; Shetty et al. 2014; Viswanathan et al. 2015 ). Evidence appears to support a better measurement repeatability with OCT-based topography compared to other imaging modalities, although all techniques demonstrated high precision (Nakagawa et al. 2011; Savini et al. 2011b; Szalai et al. 2012; Jhanji et al. 2013) . In a recent study, Fukuda et al. demonstrated similar diagnostic capability of keratoconus between swept-source OCT and a combined Placido-Scheimpflug system (Fukuda et al. 2013) . Better measurement repeatability for keratoconus was found in using OCT, although only intraclass correlation coefficients (ICCs) were reported. Previous studies have also reported lower measurement repeatability in keratoconic eyes as compared to normal eyes with swept-source OCT (Fukuda et al. 2013; Jhanji et al. 2013) .
The purpose of current study was to provide a comprehensive comparison of the reliability of corneal topographic measurements between swept-source OCT and a combined PlacidoScheimpflug imaging in eyes with keratoconus.
Patients and Methods
This was a comparative study conducted at the Refractive Surgery Clinic of the Chinese University of Hong Kong Eye Centre between January 2014 and December 2014. An informed consent was obtained from all participants. An Institutional Review Board approved the conduct of the study. The study adhered to the tenets of the Declaration of Helsinki.
Patients
All patients underwent a complete ophthalmic examination and had no ocular abnormality except keratoconus. Consecutive patients with grade I-III (Amsler-Krumeich classification) keratoconus were included. The criteria for diagnosing keratoconus were the presence of central corneal thinning, conical protrusion, Vogt striae or Fleisher ring seen during slit-lamp examination as well as topographic maps showed a keratoconic appearance. Eyes with stromal scarring, a history of corneal hydrops or corneal surgery including crosslinking were excluded from the study. Patients with recent contact lens wear (rigid contact lens ≤ 4 weeks and soft contact lens ≤ 2 weeks) were also excluded.
Swept-source optical coherence tomography CASIA (SS-1000, Tomey, Nagoya, Japan) is a swept-source anterior segment-OCT that uses a wavelength of 1310 nm and measures with a speed of 30 000 axial scans per second. The axial and transverse resolution of the device is <10 lm and 30 lm respectively. It can perform large depth scans with 6.0 mm tissue penetration and 16.0 mm 9 16.0 mm horizontal and vertical scan ranges. In the anterior segment mode, each 3-D image consists of 128 B-scans (cross-sectional images) and 512 A-scans. In the corneal-map mode, each 3-D image contains 16 Bscans and 512 A-lines. The TopoPachy-Map scan protocol was used. It comprises of evenly spaced 16 radial Bscans. The total scan duration is 0.3 seconds for measurement of corneal thickness and corneal topography. The scan was initiated when a crosssectional image of the cornea was visualized on a computer screen. Collected data are processed by the system to achieve cross-sectional images. 
Statistical analysis
Statistical analysis was performed using R 2.15.3 (R Foundation, Vienna, Austria). Test-retest reliability of CASIA and TMS-5 parameters including anterior and posterior Ks, Kf, Avg K, Cyl and BFS, and corneal thickness (CCT and TCT) were evaluated according to the procedure described by Bland and Altman (Bland & Altman 1996) . The mean difference between the measurements on the Bland-Altman plot is an estimate of the systematic bias. The plot also estimates the scaling bias, which is the relationship of the difference in the measurements and the mean of the measurements. Systematic biases of the repeated measures on the CASIA and TMS-5 parameters were evaluated using t-tests. Scaling biases of the repeated measures on the CASIA and TMS-5 parameters were evaluated by linear regression of the differences in the repeated measures against the average value of the repeated measures.
Reliability of the CASIA and TMS-5 parameters were evaluated using reproducibility coefficients (RCs) and ICCs, where RC is defined as the 95% confidence limit of the difference of measurements between two examinations, which is equal to 1:96 Â ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi pooled test retest variance p and ICC is an index of reliability between 0 and 1 which measures the proportion of variance attribute to the variation among different subjects. RCs and ICCs of anterior and posterior Ks, Kf, Avg K, Cyl, CCT, TCT and anterior BFS and posterior BFS obtained by CASIA and TMS-5 were estimated.
The first examination of CASIA parameters and the corresponding TMS-5 parameters for each subject were compared using t-test to investigate the existence of systematic difference between the two machines. Scaling differences between the CASIA parameters and the corresponding TMS-5 parameters were investigated by linear regression of the difference in value measured by the two machines against the average value measured by the two machines based on the first examination of each subject. In the BlandAltman plot, the difference between the measurements with the two devices is plotted against their mean. RCs of CASIA were generally smaller than the corresponding parameters measured by TMS-5. Significantly smaller RCs were observed in CCT and TCT, and posterior corneal BFS measured by CASIA (p < 0.000; Table 4 ). Both machines illustrated adequate reliability. ICC ≥ 0.952 was recorded for all parameters measured with CASIA and ICC ≥ 0.914 was recorded for all parameters on TMS-5. CASIA showed significantly higher ICCs in CCT and TCT, and posterior corneal BFS (p < 0.001; Table 5 ). LoA = limits of agreement, SD = standard deviation, D = Diopter , mm = millimetres, lm = microns, Ks = keratometry at steep axis, Kf = keratometry at flat axis, Avg K = average keratometry, Cyl = cylinder, BFS = best-fit spheres, CCT = central corneal thickness, TCT = thinnest corneal thickness, Ant = anterior, Post = posterior.
Comparisons of RCs and
Bonferroni adjustment was applied to tests on systemic bias and scaling bias separately (p value <0.004 was considered statistical significant).
Discussion

Reliability of measurements
Accurate topographical measurements are crucial in the diagnosis and management of keratoconus. This study showed that both CASIA and TMS-5 had no systematic and scaling bias in measuring cornea with keratoconus. LoA = limits of agreement, SD = standard deviation, D = Diopter , mm = millimetres, lm = microns, Ks = keratometry at steep axis, Kf = keratometry at flat axis, Avg K = average keratometry, Cyl = cylinder, BFS = best-fit spheres, CCT = central corneal thickness, TCT = thinnest corneal thickness, Ant = anterior, Post = posterior.
Bonferroni adjustment was applied to tests on systemic bias and scaling bias separately (p value <0.004 was considered statistical significant). LoA = limits of agreement, SD = standard deviation, D = Diopter, mm = millimetres, lm = microns, Ks = keratometry at steep axis, Kf = keratometry at flat axis, Avg K = average keratometry, Cyl = cylinder, BFS = best-fit spheres, CCT = central corneal thickness, TCT = thinnest corneal thickness, Ant = anterior, Post = posterior. Bonferroni adjustment was applied to tests on systemic bias and scaling bias separately (p value <0.004 was considered statistical significant). Remark: Differences in value of the two machines were calculated by values measured by CASIA-values measured by TMS-5.
keratometry reading (Hashemi et al. 2015) . Savini et al. investigated the repeatability of another combined PlacidoScheimpflug imaging device, Sirius (Costruzione Strumenti Oftalmici, Florence, Italy), in 13 eyes with keratoconus (Savini et al. 2011a ). The reported ICCs were lower for posterior cornea power (0.868) but higher in pachymetry measurement (0.996-0.997) compared to the corresponding ICCs of TMS-5 in our study. Montalban et al. also showed that the ICCs for corneal curvature using Sirius were over 0.990 except for the flattest posterior curvature at 3 mm (0.840) in 61 eyes with keratoconus (Montalban et al. 2013) . The ICCs for pachymetry ranged from 0.995 to 0.998 with corresponding RCs of 6.4-8.8 lm. In this study, the ICCs of TMS-5 for pachymetry measurements ranged from 0.976 to 0.983 with corresponding RCs of 18.426-18.760 lm. TMS-5 and Sirrus are system of a combined Placido keratoscopy with Scheimpflug imaging aiming to improve topographic analyses of the anterior corneal surface as well as corneal thickness. However, studies have shown poor agreement between TMS-5 and Sirrus, and no superiority of the combined Placido-Scheimpflug imaging system over Scheimpflug camera only system (Savini et al. 2011b; Shetty et al. 2014 ). Szalai et al. assessed the measurement reliability of CASIA in keratoconus and showed high ICC for keratometry and astigmatism for both anterior and posterior corneal surface (Fukuda et al. 2013) . Again, the repeatability of corneal topographic measurements was superior in this study. In a previous study conducted in our centre, CASIA was found to have ICCs of 0.999 and 0.998 for CCT and TCT, respectively, in eyes with keratoconus (Jhanji et al. 2013 ). The corresponding RCs were 3.5 and 3.7 lm, with repeatability similar to this study.
The swept-source OCT is able to precisely image the posterior cornea in keratoconic eyes. The shorter data acquisition time in OCT minimizes motion artefacts. The excellent reliability with CASIA is attributed to the precise delineation of the boundaries of the cornea with minimal distortion. The sequential nature of Placido-ring topography and Scheimpflug imaging in TMS-5 could contribute to variability and hence lower measurement repeatability. In this study, CASIA was found to have better repeatability in measuring corneal thickness and posterior elevation. This can have important clinical implications in the diagnosis and monitoring of disease progression in keratoconus.
Agreement of measurements between devices
This study found significant difference in corneal thickness, posterior corneal curvature and corneal elevation between CASIA and TMS-5 in eyes with keratoconus. The CCT and TCT measured with CASIA were significantly thinner (8 lm) compared to those with TMS-5. Significant scaling bias in agreement was also detected for CCT and TCT measurements between the two devices, which means that the agreement between devices for corneal thickness varied significantly depending on the pachymetry value. On the other hand, the difference in posterior curvature and elevation between the two devices was very small albeit statistically significantly. In normal eyes, Huang et al. reported a 10-lm difference in corneal thickness measurement between a combined Placido-Scheimpflug imaging system (Sirius) and a Fourier-domain OCT (RTVue; Optovue, Freemont, CA, USA) (Huang et al. 2013) . Nakagawa et al. compared CASIA with Pentacam (Oculus, Wetzlar, Germany) in 40 eyes with keratoconus and found significant difference in CCT and axial corneal power between devices (Nakagawa et al. 2011) . Central corneal thickness measurements of OCT were significantly thinner than those of the Scheimpflug-based system in both normal and keratoconic eyes. The observed 95% LoA was large, ranging from À70.2 to 47.6 lm for CCT and À8.4 to 8.9 D for axial corneal power in keratoconic eyes (Nakagawa et al. 2011) . This means that the corneal thickness and keratometry measured by the two devices can vary up to 117.8 lm and 17.3 D respectively. Szalai also reported significant difference between CASIA and Pentacam in keratometry and corneal thickness measurement in keratoconus (Szalai et al. 2012) . The 95% LoA between CASIA and Pentacam ranged from À6.1 to 5.8 D and À6.1 to 6.3 D in the steep meridian and flat median respectively. Corneal thickness measured with CASIA was 12-14 lm thinner with 95% LoA of À35.8 to 10.8 lm for CCT and À33.4 to 6.1 lm for TCT. We observed a much small range for anterior keratometry (up to 7 D) and corneal pachymetry (up to 37 lm) comparing CASIA and TMS-5 in our cohort. In a retrospective analysis of keratoconus suspects, there was no significant difference in time-domain OCT (Visante, Carl Zeiss Meditec, Dublin, CA, USA) and Scheimpflug (Pentacam) CCT measurement (Prospero Ponce et al. 2009) . No difference was also found in CCT measured by Fourier-domain OCT (RTVue; Optovue) and Pentacam (Grewal et al. 2010) . Although time-domain OCT had a slower acquisition speed and lower resolution compared to Fourierdomain OCT, high correlation was found between the two systems in keratoconic pachymetry values (Dutta et al. 2013; Wang et al. 2015) . Similarly, high correlation in CCT and TCT was reported between corneal thickness measurements using Visante and Sirrus among eyes with different stages of keratoconus (Sezgin Akcay et al. 2014) . In a recent study, Visante OMNI (Carl Zeiss Meditec, Dublin, CA, USA), which is a combined Placido-based topographer (Atlas) with a time-domain OCT (Visante), was compared with Pentacam in keratoconic eyes (Viswanathan et al. 2015) . Higher keratometry readings were measured with Pentacam. The 95% LoA was À1.4 to 1.9 D and À1.4 to 2.0 D for keratometry in the flattest and steepest meridians respectively. Pentacam also measured higher CCT with a 95% LoA of À12.9 to 41.4 lm.
The poor agreement between both devices may be attributed to a difference in method of image acquisition. Optical coherence tomography has the ability to measure corneal morphology in keratoconus, which might not be possible with Placido imaging. Although the Scheimpflug images can fill the data of missing Placido images in mild keratoconus, Placido images are more irregular in advanced keratoconus. In terms of corneal thickness, Scheimpflug devices measure corneal thickness between the air-tear film interface and the posterior corneal surface based on elevation points captured by a rotating camera (Amano et al. 2006) . Optical coherence tomography identifies the anterior and RC = reproducibility coefficients, CI = confidence interval, D = Diopter, mm = millimetres, lm = microns, Ks = keratometry at steep axis, Kf = keratometry at flat axis, Avg K = average keratometry, Cyl = cylinder, BFS = best-fit spheres, CCT = central corneal thickness, TCT = thinnest corneal thickness, Ant= anterior, Post = posterior.
Bonferroni adjustment was applied (p value <0.004 was considered statistical significant). ICC = intraclass correlation coefficient, CI = confidence interval, Ks = keratometry at steep axis, Kf = keratometry at flat axis, Avg K = average keratometry, Cyl = cylinder, BFS = best-fit spheres, CCT = central corneal thickness, TCT = thinnest corneal thickness, Ant = anterior, Post = posterior.
Bonferroni adjustment was applied (p value <0.004 was considered statistical significant).
posterior corneal surfaces and transforms distance between them into corneal thickness. The anterior corneal boundary delineated by the OCT is positioned slightly below the anterior corneal surface, leading to an underestimation of corneal thickness (Huang et al. 2011) . The post-laser in situ keratomileusis CCT measured with swept-source OCT was 10 lm thinner as compared with Scheimpflug imaging (Chan et al. 2015) . Although this study was limited by it small sample size, we observed significant difference in posterior corneal surface and thickness measurement between swept-source OCT and combined Placido-Scheimpflug imaging in keratoconus eyes. Measurements from different machines should not be used interchangeably. Swept-source OCT might be preferred over combined Placido-Scheimpflug imaging for corneal thickness and posterior corneal measurements. Studies to investigate the reliability of swept-source OCT in different stages of keratoconus, as well as its agreement with other imaging systems are warrant in the future.
